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Abstract: In South Africa, forged wheels for rail cars are imported but cast wheels are
manufactured locally, although recent developments indicate that forged wheels will in future be
manufactured locally. The forged wheels are generally manufactured from AAR Class C steel,
which is a high carbon, pearlitic steel used for rail application. Railway wheels are a costly
component of the railway wagon as they experience wear and damage during application.
Improvements in the mechanical properties are thus desired. Against this background, a project
is reported on the development of durable rail steel alloys for railway wheel applications.
Carbide-free bainite is a novel microstructure comprising bainitic ferrite and retained
austenite/martensite but without coarse carbides in the interlath positions. The absence of
carbides is achieved through the addition of a high silicon (~2wt%) content to the steel. This
carbide-free bainite can achieve high tensile strength (>1000MPa) and toughness (40J, 20°C) as
well as good wear resistance. These alloys have found application in areas where high strength,
toughness and wear resistance are required, such as in rail steels, and have been deemed the “next
generation” of rail steels.

Carbide-free experimental alloys were produced in the laboratory and tested for mechanical
properties such as hardness, tensile strength and impact toughness. The properties of the
laboratory alloys were compared to those of standard Class C alloys used in South Africa to
determine their potential use as railway wheel alloys.

1. Introduction

1.1. Pearlitic Steels for Rail Applications

Rail steels are generally made of medium and high-carbon steel with a pearlitic microstructure (Figure
1). The alternating plates, or lamella, of cementite and ferrite are ideal for the type of operating
conditions experienced during rail transport [1],[2]. Solid wheel steel grades for heavy haul are mainly
governed by the Association of American Railroad’s (AAR) standards [3], [4] and the main steel grades
particularly recommended for heavy haul are the medium-high carbon pearlitic steels [3], [4].
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Figure 1. Microstructure of pearllte a lamellar mixture of ferrlte and cementite [1].

To extend the life cycle of rail steels, hardness has traditionally been the primary property to exploit,
see Figures 2 and 3 [2]. Figure 2 shows the historical development of rail steels and it is clear that the
tensile strength of the rail steels has increased continuously over the years [8]. This is mainly due to an
increase in the hardness of the steel, to reduce the wear rate, and also due to the development of
technologies in the steel-making process [8]. In Figure 2, R200, R260, R320Cr and R350HT are names
for pearlitic rail steels grades, developed over the years, with Brinell hardness of 200BHN, 260BHN,
320BHN and 350BHN respectively. Figure 2 also shows the steel named Dobain®, a specially heat-
treated bainitic high-grade steel developed in Europe in the 2000’s for rail steel applications.

The hardness of a pearlitic rail steel is increased by decreasing the interlamellar spacing and increasing
the content of alloying elements, such as manganese and chromium but particularly carbon [2]. Figure
3 shows that a fine pearlitic spacing results in a steel with a higher hardness and yield strength [5].
Therefore the shorter the interlamellar spacing, the better the mechanical properties of the rail steel.
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Figure 2. Trends in the development of rail steels from the 1900’s to 2000’s showing the different
grades of steel developed with an increase in tensile strength and hardness [8].
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Figure 3. Hardness and yield strength as a function of pearlite interlamellar spacing in a fully
pearlitic microstructures [5].

1.2. The Minimum Pearlite Interlamellar Spacing (d)

Pearlite grows in a lamellar structure with the pearlite spacing (d) defined as the perpendicular distance
across two consecutive lamellae [6], [7]. Interlamellar spacing is generally measured using the scanning
electron microscope (SEM) or the transmission electron microscope (TEM), except if it is very coarse
and optical microscopy can be used [7]. The minimum pearlite spacing that can be achieved after
transformation from austenite has a thermodynamic relationship as indicated in equation 1:
= 27se xi. [6] Equation 1
AH, AT

Where yse = surface energy of the FesC/a interface and AHy = change in enthalpy and AT =T —Te (the
undercooling below the eutectic temperature and T = transformation temperature and T, is the eutectoid
temperature) [6].

The minimum pearlite spacing decreases with a decrease in transformation temperature. The actual
pearlite spacing that is achievable by the current production methods is very close to the theoretical dmin.
Experimentally the actual spacing will always be greater than the theoretical minimum. This limits the
further development of pearlitic steels with shorter pearlitic spacings. This has led to the search of
alternative rail microstructures such as bainite.

2. Carbide-Free Bainitic Steels

Bainitic steels inherently have better toughness, ductility and weldability than the conventional pearlitic
steels. Most modern bainitic steels are designed with much reduced carbon and other alloying elements
to form lean alloys [9]. The reduced alloy concentration gives better weldability and improved
toughness. The conventional bainitic steels have coarse interlath carbides and generally have poorer
toughness and wear resistance than the pearlitic rail steels. This has focused attention on the
development of carbide-free bainitic steels.

In the recent decades, Bhadeshia et al have developed and introduced high silicon, high carbon bainitic
steels [10]-[16]. It is known that the precipitation of cementite during bainitic transformation can be
suppressed by alloying the steel with about 1.5 wt% of silicon [10]-[15]. An interesting microstructure
results when this silicon-alloyed steel is transformed into upper bainite. The carbon that is rejected into
the residual austenite, instead of precipitating as interlath cementite, remains in the austenite and
stabilises it down to ambient temperature. The resulting microstructure consists of fine plates of bainitic



Conference of the South African Advanced Materials Initiative (CoOSAAMI 2019) IOP Publishing
IOP Conf. Series: Materials Science and Engineering 655 (2019) 012012 doi:10.1088/1757-899X/655/1/012012

ferrite separated by carbon—enriched regions of austenite, see Figure 4 [11]. This microstructure is called
carbide-free bainite.

austeniteF*.

Figure 4. Transmission electron micrograph of a mixture of bainitic ferrite and stable austenite [11].

The alloying elements used to produce this microstructure are common to steel production, i.e. carbon,
manganese, boron, etc. with particular addition of a high silicon content to supress cementite formation.
The carbide-free bainitic steels have better fatigue properties than the pearlitic steels, accommodating
longer crack lengths and growth rates before fracture. They also exhibit higher strength.

A number of carbide-free bainitic steels have thus been developed for rail applications [17], [18]-[35].
There is a government push to shift South Africa’s freight transport from road to rail, cutting both high
logistical costs and carbon emissions. This will require longer lasting railway components, such as
wheels, to take up the higher load. In South Africa, rail AAR Class C forged wheels are used for heavy
haul transportation. Durable wheel alloys would cut the maintenance costs of the railway industry
significantly. In this study the carbide-free bainitic alloys were explored as possible alternatives for
forged rail wheel applications.

3. Experimental Procedure

Melting was done at 1650°C in an induction melting furnace and casting, in air, using a 150 kg alumina
crucible, into a designed sand mould. Aluminium (0.2 wt%) was added to the melt for deoxidation. After
casting the ingots were allowed to air cool in the moulds. After cooling, the moulds were broken and
the ingots (45 mm thickness) were hot forged and hot rolled at 900 °C into 15 mm thick plates, sufficient
thickness for the production of the tensile and impact specimens. Chemical composition analysis was
conducted using spark emission spectrometry and hardness using Vickers hardness testing (load of 200g,
dwell time of 15s). For Micro-Vickers the load used for 30g for a dwell time also of 15s. Neutron
diffraction was conducted to measure the retained austenite in the experimental alloys. Optical
microscopy and transmission Kikuchi diffraction (TKD) was used to analyse the microstructures of the
alloys. Tensile testing was conducted according to ASTM E8 and impact testing according to ASTM
E23.

4. Results

4.1. Chemical Composition

Four Alloys E to H with variations in silicon content, were manufactured to study their tensile and
impact properties. Table 1 gives the chemical compositions of the experimental alloys. The chemical
composition of the four alloys comprised typical alloying elements used to produce rail steels, but with
a high silicon content of 1-2 wt% used to retard the formation of cementite in the steel. Alloy E with a
low silicon content of 0.36 wt% was produced as a reference alloy, to determine if this low silicon
content will produce carbides in the microstructure. The results are an average of three readings.
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Table 1. Chemical composition of experimental Alloys E to H, wt%

Alloy C Si Mn P S Cr Mo Al B

E 0.19 0.36 1.41 0.017 0.009 0.5 0.26 0.003 0.0003
F 0.26 1.85 1.37 0.018 0.010 0.6 0.18 0.009 0.0007
G 0.29 1.47 1.38 0.016 0.011 0.5 0.17 0.018 0.0008
H 0.28 1.00 1.57 0.024 0.012 0.5 0.23 0.006 0.0003

4.2. Heat Treatment
The martensite start (M) and bainite start (Bs) temperatures for alloys E to H were calculated using well-
known empirical equations as shown below, see Table 2 [6].
M; =539 - 423C - 30.4Mn - 17.7Ni - 12.1Cr - 11.0Si - 7.0Mo
Bs =630 - 45Mn - 40V - 35Si - 30Cr - 25Mo - 20Ni - 15W.
The transformation temperatures (T1) used to isothermally heat treat the alloys were chosen to be ~10°C
above the M temperature, to maximise the volume fraction of bainite produced. The alloys were
austenitised at temperatures T, which was ~50°C above the Acs temperature and then quenched into a
salt bath to a temperature T1 to form bainite. The alloys were soaked for about an hour in the salt bath
and then water quenched. Previous testwork was conducted to determine the time required in a salt bath
for bainite formation and from these results it was found than an hour was enough to produce bainite in
15mm thick samples.

Table 2. The heat treatment temperatures for alloys E to H.

Calculated Calculated Transformation

°C °C °C
Alloy M Bs Acs Ta T:
E 405 594 836 900 415
F 367 583 844 900 380
G 355 577 835 900 365
H 356 555 830 900 370

4.3. The Microstructures of Alloys E to H
Figures 5 and 6 shows the microstructures attained for Alloys E to H, after heat treatment, comprising
predominantly bainite (B) with some patches of martensite (M).

Figure 5. Microstructures of Iys EandF

bainite (B) and martensite (M).
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Figure 6. Microstructures of Alloys G and H showing bainite (B) and martensite (M).

To determine the volume fraction of the bainite, retained austenite and martensite in the microstructures
of the alloys E to H, point counting and neutron diffraction were used, see Table 3. From the point
counting it can be seen that the alloys have a high volume fraction of the bainite (B) phase, i.e. between
87%-98%. Only the martensite and bainite phases were counted using the point counting method.
Neutron diffraction measured the retained austenite for alloy E (which had the lowest silicon content)
to be 2.6%. Alloys F and H had high retained austenite contents of 20% and 25% respectively and alloy
G had a retained austenite content of 9%. The average Vickers hardness of the alloys is also shown here
together with the micro-Vickers hardness of the martensitic phase.

Table 3. Point counting, neutron diffraction and hardness measurements for alloys E to H, M =
martensite and B = bainite, FCC = austenite, BCC = ferrite (a=b=c= 0.287)

ggtljrrlltting g?fl#;%?ion Hardness (Hv)
Alloy | M B | BcC | FCC | Average (M'\gl‘t:gﬂs}gcgﬁ;i .
E | 12 | 8 | 974 | 26 | 284%6 498+8
F | 13 | 8 | 80 | 200 | 41241 503+3
G > | 98 | 906 | 94 | 35047 296+6
H | 10 | 90 | 745 | 255 | 295%2 46749

4.4, Transmission Kikuchi Diffraction (TKD) for alloys E to H

TKD results for alloys E to H are given in Figures 7. The microstructure of alloy E, with a low silicon
content of 0.3 wt%, showed evidence of cementite (yellow phase) in the microstructure along the
boundaries of the bainite plates. Alloys F to H showed a microstructure of bainite and retained austenite
with no cementite.
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Figure 7. TKD micrographs of experimental bainitic alloys E to H showing FCC-austenite (blue) and

BCC-ferrite (red phases). The black area is not a phase but regions in the sample that were not well
resolved. ‘old’ refers to an old file name used to save the micrographs.
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4.5. Tensile Tests

Rail wheels experience rolling contact fatigue and it is known that a high yield and tensile strength
improves the rolling contact fatigue resistance of rail steels [8][22][31]. Table 4 shows the tensile test
results conducted on alloys E to H after heat treatment. AAR Class C rail steel was used as the reference
alloy. The AAR standard for Class C does not stipulate any requirements for the yield strength
properties. Alloys E to F had a yield strength ranging from 714-829 MPa. The tensile strength for AAR
Class C is required to be >1050 MPa (Figure 8) and alloy F achieved a tensile strength of 1224 MPa
while the other alloys had a lower tensile strength, alloy F also showed the highest yield strength. The
hardness of alloys F is higher than the hardness range stipulated for the AAR Class C alloy in the rim.
The elongation of alloys E to F is higher than the 7% stipulated for the AAR Class C alloy (Figure 9).
The Alloy F showed the lowest elongation.
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Table 4. Tensile properties (yield strength (YS), ultimate tensile strength (UTS), elongation, reduction

in area (RA) of alloys E to H and AAR Class C (forged) rail wheel steels.

. . Point
Neutron Diffraction .
02% YS Elongation Hardness Counting
Alloy (Mpa) UTS (Mpa) (%) RIA (%) (HV)
P 0 average % Retained BCC M B
austenite
E 722118 919429 13.7+0.88 20.04£5 28416 2.6 97.4 12 88
F 829+9 1224+44 9.4+0.6 9.1+0.8 412+41 20 80 13 87
G 738458 978453 10.5+2.1 17.3+6.5 35247 9.4 90.6 2 98
H 714145 960454 11.9+15 18.1+11.8 29542 255 74.5 10 90
AAR
7 320-376
Cg‘fs - g (min) - (Rim) : -

*A. Kapito, J.Jonck and G. Maruma [39]
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Figure 8. 0.2% yield (YS), ultimate tensile strength (UTS) and hardness versus retained austenite
(%RA) results for Alloys E to G compared to AAR Class C alloy.
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Figure 9. Elongation and reduction in area (RIA) versus retained austenite (%RA) results for alloys E
to G compared to AAR Class C alloy.

Figure 10 shows that the carbide-free alloys H to G fall in the grade for advanced high strength steel
(AHSS) on the elongation vs tensile strength graph for steels. Alloy E is not carbide-free as it showed
carbides in the microstructure due to its low silicon content and is not included in the diagram. Alloys
F-H show a combination of high strength and moderate ductility. The ductility is a result of the high
amount of retained austenite. The high strength emanates from the combination of fine bainite and the
transformation induced plasticity (TRIP) effect. The TRIP effect occurs due to the formation of strain
induced martensite during tensile testing, increasing the tensile strength of the steel.
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Figure 10. Elongation (%) vs tensile strength (MPa) data for conventional, advanced high strength and
austenitic-based steels. The current area of research is also shown for the development of new
generation steels [40].
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4.6. Charpy V-Notch Impact Testing.
Research has found that high toughness results in a steel with a high resistance to crack initiation and
propagation during rolling contact fatigue [8][22][31]. The results for the charpy v-notch impact testing
conducted on alloys E to H are given in Figure 11. Alloys E and F show the lowest impact energy
absorbed, followed by Alloy G. Alloy H shows the highest impact energy absorbed. Alloys E, F and G
show a low impact energy of < 5J up to 100°C, whilst Alloy H shows an impact energy of about 6J up
to 50°C, after which its impact energy increases drastically. The ductile to brittle transition temperature
(DBTT) for Alloys E, F and G is at high temperatures > 120°C, but Alloy H has a DBTT at about 80°C.
Samples from AAR Class C wheel alloy, in the rim, were tested at room temperature and the results are
shown in Table 5. Alloy H showed similar energy absorbed at room temperature as AAR Class C. Alloy
H has the highest retained austenite of 25% and, from previous results, showed the highest elongation
and reduction in area but lowest hardness. The bainitic alloys F and H although containing high retained
austenite contents, showed low CVN values, due to the formation of brittle martensite during impact
testing.
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Figure 11. Impact toughness results for Alloys E to H, showing the ductile to brittle transition
temperature (DBTT) calculated at 27J.

Table 5. Impact Properties of alloys E to H and AAR Class C at room temperature (RT).

Alloy Aver:gfolénn??g;;r:i;%rzbagrbed Retained Austenite
AAR Class C Forged Wheel 6.6* -
Alloy E 2.3+0.4 2.6
Alloy F 2.3+0.5 20
Alloy G 3.8+0.6 9.4
Alloy H 7.7+0.7 25.5

*A. Kapito, J.Jonck and G. Maruma [39]
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5. Discussion

The carbide-free bainitic alloys show beneficial mechanical properties of rail wheel applications. These
properties however have been tested on 15mm thick laboratory samples. To transfer the beneficial
properties of the carbide-free to actual wheel samples, with a thickness of about 130mm, heat treatment
will need to be tailored for the alloys. The carbide-free alloys also contain martensite and the tolerable
amount in thick rail wheels needs to be determined to avoid crack initiation during continuous rolling.
The carbide-free alloys also have a high retained austenite which can transform to brittle martensite
during operation. The amount of retained austenite also needs to be tailored.

6. Conclusions

Transmission Kikuchi diffraction analysis revealed cementite in the microstructure of alloy E with 0.36
wit% silicon, which was produced as a reference alloy. This alloy thus was not carbide-free. Carbide-
free bainite was formed using common alloying elements used to produce steels but with a high silicon
content >1 wt% in alloys F-G. The carbide-free alloys showed a mixed microstructure of martensite,
bainite and retained austenite. The carbide-free alloys had an elongation > 7 % and Alloy F showed a
UTS >1050MPa. The impact energy results showed that alloy H with the higher retained austenite of
25% showed better impact properties. The experimental alloys studied in this project generally showed
poor impact properties.
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